Research in stem cells is one of the most rapidly evolving fields of investigation in medicine today. Stem cells are defined as cells that have the capacity to both generate daughter cells identical to the cell of origin (self-renewal) and to produce progeny with more restricted, specialized potential (differentiated cells). This dual ability to self-renew and differentiate offers great promise for expanding our understanding of organ systems, elucidating disease pathophysiology, and creating therapeutic approaches to difficult diseases. The goal of this review is to offer an overview of the different types of stem cells and to provide an introduction to the applications of stem cells to the field of obstetrics and gynecology.
INTRODUCTION Overview of Stem Cells
All stem cells have the ability to self-renew. However, they differ in their developmental potential or differentiation plasticity. For instance, totipotent cells have the ability to give rise to all cell types of the developing embryo, including embryonic and extraembryonic tissues. The fertilized egg, or zygote, at day 0, has these characteristics. As the zygote matures into a morula and then a blastocyst at day 5, cells within the inner cell mass (ICM) of the blastocyst differentiate and lose developmental potential, giving rise to embryonic tissues comprised of the three germ layers; endoderm, ectoderm, and mesoderm. Pluripotent stem cells from the ICM or morula stage can be isolated and cultured, which have the ability to differentiate into cell types from all three embryonic germ layers. These cells are referred to as embryonic stem cells (ESCs).
Other stem cells isolated further along in embryonic development from the child or adult are more limited in their potential to differentiate along such diverse lineages. Multipotent stem cells have the ability to derive cell types from lineages other than their germ layer of origin. Mesenchymal stem cells are an example of a multipotent stem cell as they can differentiate into multiple cell types that span the ectodermal and mesodermal lineages. Other stem cells have more limited differentiation potential in that they can only differentiate into cells of a related lineage such as neural progenitor cells which can develop into both neuronal and glial cell types. Likewise, proliferative stem cells that are committed to a single lineage are unipotent. Primordial germ cells are unipotent and develop into germ cells in the adult. In contrast to stem cells, committed somatic cells are referred to as nullipotent. This group represents the most differentiated cells. It has recently become possible to reprogram somatic cells in vitro to a less differentiated state. These cells are called induced pluripotent stem cells (iPSCs).
ESCs differentiate not only into the three germ layers, but also into the germ cell lineage with the progenitors of sperm and egg which are termed primordial germ cells (PGCs). These progenitor cells have the potential to develop into pluripotent stem cells like ESCs in vivo and in vitro. In vivo, these cells are isolated from embryonal carcinomas. In vitro, culturing conditions have been developed to generate pluripotent stem cell lines from PGCs. When PGCs are isolated from late embryonic development they are embryonic germ cells (EGCs) and when they are isolated from the adult they are termed germline stem cells (GSCs) [1] . iPSCs have also been generated by reprogramming differentiated adult somatic cells using genetic engineering. ESCs, GSCs, and EGCs represent varying levels of pluripotency and multipotency, and together with iPSCs, are potential alternatives for studying stem cell biology and germ cell development.
EMBRYONIC-LIKE STEM CELLS
Embryonic stem cells (ESCs) are isolated from the inner cell mass of five-to-seven day-old blastocysts, and are cultured with a fibroblast feeder layer which contributes the appropriate growth factors. The ICM has generally been obtained from poor quality embryos donated from in vitro fertilization (IVF) programs that would otherwise have been discarded; this source, however, presents political, ethical, and scientific challenges. Current research on ESCs focuses on employing hypoxic conditions to improve efficiency, deriving ESCs in animal-free conditions, and using epigenetic modulators to prevent ESC differentiation in culture. Human ESCs have the potential to develop into many cell types including retinal cells, chondrocytes, cardiomyocytes, and cells of the neural lineage. Their use has been suggested as a possible approach to the treatment of a group of diseases including diabetes, heart disease, and spinal cord injury.
Embryonic germ cells (EGCs) are derived from PGCs. PGCs are present in the fetal genital ridge by the fifth week of human development, and begin mitotic expansion at around 5 weeks in the female and at 8 weeks in the male. PGCs in both sexes arrest their expansion at week 10. To derive EGCs, PGCs are isolated at their proliferative peak between 5 and 13 weeks gestation. Research is currently directed at defining culture conditions that would best facilitate derivation of EGCs. Challenges in deriving EGCs include difficulties in obtaining PGCs, in disaggregating colonies and in ensuring long-term maintenance in culture. EGCs have been used in rat models to promote repair of motor neuron injuries, cartilage degeneration and in bladder defects.
Germ-line stem cells (GSCs) are derived from testicular biopsies in men. Male testes contain spermatogonia stem cells that have the ability to both self-renew and differentiate into sperm. While research into potential clinical applications of GSCs is ongoing, these cells provide a potential adult source of pluripotent stem cells associated with fewer ethical concerns. However, the use of GSCs is limited by their uniparental epigenetic imprints and possible restriction for use only in male patients.
Induced pluripotent stem cells (iPSCs) are derived from somatic, differentiated adult cells and offer patientspecific cell based treatments as well as unprecedented in vitro human models for studying the molecular mechanisms involved in human disease. They also offer another solution to the ethical dilemma surrounding the use of ESCs. As iPSCs have the potential to generate patientspecific cell lines, their use thwarts one of the primary concerns with ESC based therapy, that of tissue rejection. As iPSCs have also been derived from many sources including fibroblasts, keratinocytes, hepatocytes, neural stem cells, and gastric epithelial cells they also provide a wide source of target-specific tissues for studying a multitude of afflictions.
More recently, studies have aimed to develop strategies for transdifferentiation, in which a cell of a specific lineage is converted to another lineage and then into another cell type without reverting back to a common progenitor state. For example, research groups have independently demonstrated the ability to reprogram B lymphocytes into macrophages as well as mature pancreatic exocrine cells into endocrine beta cells. In both reprogramming strategies, genetic integration using viruses has been employed. There are however, complications associated with the use of genetically integrated viral vectors including inflammatory response, tumorigenicity, random integration, virulence, immunogenicity, replication, and reactivation. To circumvent these issues, newer models have utilized non-integrative reprogramming methods including transfecting cells with non-integrating episomal vectors, synthetic modified mRNA, and proteins.
Since transdifferentiation involves the forced expression of genes that are specific to the desired cell type, the generation of iPSCs necessitated the use of oncogenic factors as well as other genes that regulate pluripotency. Small molecules have also been used in the generation of iPSCs, but this approach is limited since many of these chemicals cause DNA damage. One of the challenges in iPSC induction is to avoid tumorigenesis. Future research on iPSCs focuses on establishing safe and effective methods for reprogramming cells. In animal models, iPSCs have been applied in the treatment of Parkinson's disease and acute myocardial infarction, and have been implicated as possible treatments for motor neuron disease and diabetes.
STEM CELLS AND THE OVARY
One of the central tenets of reproductive medicine has been the traditional belief that mammalian females are born with a finite population of primordial follicles. This population diminishes over the course of years, eventually exhausting the germ pool and initiating menopause prior to the end of life. In recent years, however, research has challenged this dogma and may offer tremendous therapeutic potential for subfertile women.
A recent study by Tilly et al. shows that similar to adult mice, ovaries in reproductively-aged women posess a rare mitotically active germ cell that can proliferatein vitro and generate oocytes both in vivo and in vitro [2] . Here, ovaries in reproductive-age women contained ovarian germ cells that express cell-surface RNA helicase, Vasa, a marker of adult human oogonial stem cells. This contradicted previous dogma that suggested oogonial stem cells were not present in females after or shortly after birth. However, by using Vasa, as an ovarian stem cell marker, this study was able to provide strong evidence for the existence of proliferative female germ cell stem cells in the adult ovary which is self-renewing and is potentially able to replenish oocytes and follicle production in women. Previous studies have also postulated that ovarian neo-oogenesis occurs in adult mammalian ovaries, from possible GSC precursors capable of renewing the postnatal follicular pool. Current concepts for and against the concept of follicular renewal have been recently reviewed [3] . One of the earliest arguments supporting the idea of female GSCs was based on the observation that when the initial number of follicles at birth is combined with the incidence of follicle loss and rate of clearance of atretic follicles, the calculated number of remaining follicles in late adulthood is higher than mathematically predicted. Therefore, it was suggested that neo-oogenesis with follicle renewal plays a role in maintaining the follicle pool present in late adulthood.
However, an argument against this hypothesis is that if ovarian cells do have stem cell-like capabilities to regenerate, why does menopause occur? Nonetheless, one explanation for the development of menopause is the renewed understanding of how follicular renewal depends on the support of its environment and how the functioning hormonal and immune systems is required for germ cell maintenance. Several studies have shown the effects of aging of these supportive factors and how they may contribute to the cessation of oocyte renewal despite the continued presence of GSCs (reviewed in [4] ). Thus, with increasing age there is less robust support from the stroma for stem cell survival, leading to the depletion of follicles and subsequently menopause. Similarly, decreases in autoimmunity which accompany aging have also been suggested as a contributing factor.
Evidence for postnatal follicular renewal has also been presented in several recent investigations in mice. One study showed that the follicle pool remains constant from day 12 to day 100 of postnatal life, instead of being reduced by 50% as it would have been if only follicle loss were occurring [5] . In another study, mouse ovaries exposed to doxorubicin, a drug that selectively targets oocytes, demonstrated a reduction in primordial follicle reserve; yet, once this nadir was reached, a spontaneous renewal of the follicle pool occurred within a few hours [6] . Likewise, it was also demonstrated that oogenesis could be induced in post-natal mouse ovaries via modifications to signaling pathways that govern early germ cell specification.The source of this postnatal oocyte and follicle production was suggested to come from proliferative GSCs, albeit with much debate [3, 7] .
Two other sources have been proposed for the origin of the GSCs that may contribute to postnatal follicular production. Some data have been presented which suggest that the ovarian surface epithelium (OSE) has the potential to differentiate into cells of the granulosa phenotype in addition to epithelial, neural, and mesenchymal cell types, and when stimulated with estrogen, it differentiates directly into oocytes. This bipotential nature of the OSE points to it as a potential endogenous ovarian source of germ cells [8, 9] . In contrast, it was later suggested by the same group that the bone marrow acts as an exogenous source of ovarian germ cells. This is in accordance with multiple studies which have shown that bone marrow (BM) cells seed the ovaries after traversing the peripheral blood and that bone marrow transplant (BMT) can rescue fertility and generate immature oocytes in mice following chemotherapy-induced ovarian failure [3] . Similar models have also been applied to fertility restoration in women following chemotherapy. Successful pregnancies have been reported following BMT in several patients suffering from Fanconi's anemia or receiving high dose chemotherapy for cancer treatment [10] . The return of fertility has also been demonstrated after autologous stem cell transplantation [11] . These rare incidences have led researchers to question the evidence provided for the existence of neo-oogenesis [7] . The debate centers on whether ovarian toxic chemotherapeutic drugs reduce follicle reserve by affecting all stages of follicular development equally, since some stages of development are more resistant. While restoration of fertility in chemotherapy-exposed mice following BMT has been interpreted as supporting evidence for neo-oogenesis, opposing explanations exist for fertility restoration. Among these is the theory that chemotherapeutic regimens induce autoimmunity to ovarian antigens, and that chimerism induced by BMT allows for evasion from the autoimmune response, thereby allowing for recovery of fertility.
While the source of ovarian GSCs remains controversial, the potential applications for fertility restoration are promising. One such population includes women of child-bearing age with cancer who become infertile as a result of chemotherapy. Oocyte cryopreservation and embryo cryopreservation have been demonstrated as possible options for restoring fertility for women with low ovarian reserve, although oocyte cryopreservation
has not yet proven to be very efficient in humans. Embryo cryopreservation has the highest success rates for future pregnancy, but may not be viable option for women without a partner or in prepubertal patients [12] [13] [14] . However, transplantation of ovarian tissue has been shown to successfully restore fertility. For example, an autologous heterotopic ovarian transplant performed in a lymphoma survivor who had been menopausal for 2.5 years due to chemotherapy, resulted in a healthy delivery at 40 weeks of gestation [15] . For women with idiopathic low ovarian reserve, incidences of donor ovarian cortical tissue between fertile and infertile monozygotic twins and genetically non-identical sisters have resulted in successful pregnancies [16, 17] . The modalities of BMT, autologous ovarian cryopreservation and transplantation from donor ovaries offer hope for women with iatrogenic or pathologically-caused premature ovarian failure.
STEM CELLS AND THE UTERUS
The uterus has the ability to renew itself cyclically under hormonal influences during the menstrual cycle. It is postulated that multipotent stem cells residing in the basalis layer of the endometrium are responsible for cyclic endometrial renewal. Under systemic hormonal changes, such as rises in serum estradiol, these cells may migrate and give rise to progenitor cells that commit to specifically differentiated cell types (including epithelial, stromal, and vascular) to allow for regeneration of the endometrium [18] . A recent review published by Gargett summarizes current evidence for the existence of endometrial stem cells [19] . In 2004, Gargett's group demonstrated the existence of endometrial stem cells by showing the presence of rare epithelial and stromal cells that exhibited both clonogenicity and high proliferative potential. Using label-retaining cells (LRC) in 2006, Gargett et al. identified somatic stem cells in vivo, and demonstrated the presence of both epithelial and stromal LRC in mouse endometrium. In 2006, Chan and Gargett also demonstrated that some of these LRCs are recruited into the cell cycle by estrogen. These cells are also present in inactive and perimenopausal tissue, perhaps explaining the ability of atrophic endometrium to regenerate under estrogen replacement therapy.
The source of endometrial stem cells remains undetermined. In 2005, Snyder and Loring hypothesized that they are remnants of fetal epithelial and mesenchymal stem cells that remained in the adult endometrium after embryonic development [20] . Circulating bone marrow stem cells have also been proposed as a possible source of endometrial stem cells. Donor-derived endometrial stromal and epithelial cells were detected in women who had received bone marrow transplants (BMTs), indicating that bone marrow stem cells (BMSCs) may participate in endometrial regeneration. It is unknown whether the engraftment of BMSCs into the uterus is indeed a universally physiologic process or is restricted to BMT recipients [19] .
It is possible that the causative mechanisms of diseases involving endometrial proliferation, such as endometriosis and adenomyosis, involve endometrial stem cells. Endometriosis is the growth of endometrium outside the uterine cavity. Endometriotic lesions are monoclonal and have the ability to differentiate into ovarian clear cells and endometrioid carcinomas suggesting that endometriosis could have a stem cell origin. If BMSCs are indeed involved in engrafting the endometrium and differentiating into endometrial cells, it is plausible that they may be responsible for seeding sites outside the endometrium, creating the ectopic endometrial tissue that causes endometriosis. Adenomyosis involves invasion of myometrium by basal endometrium and smooth muscle hyperplasia. It has been suggested that endometrial stem cells may abnormally migrate from the basalis to the myometrium, instead of to the functionalis layer where their progeny usually reside. Thus, pockets of endometrial tissue would be created aberrantly in the myometrium [19] . The possible involvements of BMSCs and endometrial stem cells in the pathophysiology of gynecological diseases and regeneration of endometrium offer great potential for creating therapies for disorders of the uterine endometrium.
Endometrial stem cells also offer clinical applications for general medicine. Endometrial stromal clones have shown the ability to differentiate into adipocytes, smooth muscle cells, chondrocytes and osteoblasts. It has also been shown that endometrial-derived stem cells may have a role to play in regenerating dopamine in murine Parkinson's disease models as well as in enhancing insulin production in animal models [21, 22] . Recently, it was shown that stem cells from menstrual blood can provide neuroprotection in experimentally induced strokes in rats [23] . In addition to being a potential source of preexisting stem cells, endometrial tissue can also become a source of induced pluripotent stem cells. Park et al. recently demonstrated that the human endometrium expresses elevated levels of pluripotent factors such as NANOG and OCT4 that result in more efficient generation of iPSCs as compared to conventional somatic cells [24] .
STEM CELLS AND THE PLACENTA
The placenta is a rich source of multiple stem cell populations. It has long been believed that hematopoiesis in the fetus was a result of the migration of embryonic yolk-sac derived hematopoietic stem cells (HSCs) to the fetal liver, and subsequently, after birth, to the final site of adult hematopoiesis, the bone marrow [25] . Subsequent research proposed that another fetal site, the aorta-gonad-mesonephros, was also responsible for hematopoiesis [26] .
Recently it has also been shown that the placenta also plays a role in hematopoiesis. Mid-gestation mouse placenta has been shown to contain a major HSC pool. Placental HSC activity begins concomitant with the development of the aorta-gonad-mesonephros region (AGM), and prior to the presence of HSCs in the circulation or fetal liver. Placental activity contributes to the rapid growth of the HSC pool, and then decreases while liver HSCs expand. Since the placenta is upstream of the liver in fetal circulation, it is possible that the pla-centa represents a source of definitive HSCs that may seed the liver. It has been suggested that these potential de novo placental HSCs arise from the allantoic meso-derm that develops from the primitive streak [26] .
The placenta has also been shown to be a potential source of mesenchymal stem cells (MSCs) and placenta-derived multipotent stem cells. Placental MSCs have been shown to differentiate into osteogenic and adipogenic lineages as well as neural progenitors that have been shown to restore locomotor activity in rat brains after hypoxic-ischemic injury [27, 28] . Similarly, placenta-derived multipotent cells have also demonstrated the ability to differentiate into osteoblasts, adipocytes and neural cell types [29] . In addition, transplantation of human amniotic membrane-derived MSCs has been shown to have the potential to decrease liver fibrosis and cirrhosis following carbon tetrachloride exposure [30] .
FETAL STEM CELLS AND MICROCHIMERISM
Fetal stem cells are detectable within maternal blood during pregnancy and persist within maternal organ systems for year postpartum, producing microchimerism within the maternal circulation. These cells have been shown to appear early during pregnancy [31] . They have demonstrated stem cell-like plasticity within maternal tissues. For instance, XY+ microchimeric cells in maternal tissue, most likely acquired through pregnancy, demonstrate leukocyte, hepatocyte, and epithelial markers [32] . Whether their presence is deleterious or beneficial remains to be seen. Microchimeric cells have been implicated in rheumatoid arthritis remission during pregnancy [33] . They may play a role in tissue repair: fetal-derived cells have been shown to proliferate in injured organs in parous rats [34] . However, potential harm from fetal microchimeric cells seems equally great. It has been hypothesized that fetal microchimeric cells play a role in triggering systemic sclerosis after childbearing. Women with lung cancer who recently had given birth to sons were found to have male cells concentrated within their tumors rather than in normal lung parenchyma [35] .
However, it is unclear if these cells act as cancer stem cells (CSCs) or are found at those sites because they participate in repair of inflamed or abnormal tissue. In some studies, fetal cells have been associated with poorer prognosis in women diagnosed with pregnancy-associated breast carcinoma [36] . Mice models also showed that higher-grade breast cancers during pregnancy contained increased incidence of fetal cells [37] . In contrast, other studies have suggested that fetal cells may be protective against cancer [38] .
CANCER STEM CELLS
Tumors contain a heterogeneous group of cells, of which only a few demonstrate the ability for growth and metastasis through self-renewal and enormous proliferative potential [39, 40] . These stem-cell-like pools referred to as CSCs may explain many features of cancer, including clonality and heterogeneity [41] . Cancer stem cells have been shown to play a role in acute myeloid leukemia, breast cancer and glioblastoma [39] . While more differentiated cancer cells are killed by chemotherapy, CSCs act as chemo-resistant precursors that replenish the pool. It is likely that cancer stem cells arise from normal stem cells that have accumulated changes over time allowing them to escape regulatory mechanisms and proliferate unchecked, gaining a selective advantage for clonal expansion [41] . A recent study has also demonstrated that a CSC population is responsible for the production of endometrial carcinoma tumor cells [42] . Such findings will have important implications for therapeutic approaches to cancer, such as gene therapy.
CONCLUSION
While research on stem cells continues to evolve and many topics discussed here remain unresolved, there is no doubt that stem cells hold great promise in reproducetive medicine. Stem cells could provide a mechanism for explaining reproductive pathology, for both understanding and treating cancer, and for restoring fertility in women with premature ovarian failure. The female reproductive tract also serves as a valuable stem cell source for systemic therapies. A better understanding of stem cells in the reproductive tract offers a means for enhanced comprehension of female reproductive physiology, provides novel approaches to the pathophysiology of disease and malignancy, and opens new avenues for exploring therapies for disease processes.
